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Abstract
Cyclooxygenases (COX) are the enzymes that catalyze the conversion of arachidonic
acid into prostaglandins. In mammals, isoform COX-1 is constitutively expressed, whereas
the isoform COX-2 gene expression is induced, primarily at sites of inflammation. While
eicosanoids play a major role in inflammation in insects, their existence in fruit flies has not
been reported. Recent computational analyses by Qi and Singh (2014) have identified
putative COX-like enzymes in the fruit fly Drosophila melanogaster. Here we compare the
expression patterns of these enzymes and the effects of their knockdown in immune cells of

D. melanogaster third instar larvae. Because of high genetic and biochemical conservation in
metabolism and inflammation between flies and humans, comparative studies of this
important class of enzymes is of fundamental importance and will also have therapeutic
potential.
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Introduction
In mammals, cyclooxygenases (COX-1 and COX-2) are essential for the conversion of
arachidonic acid, a polyunsaturated fatty acid (PUFA), into prostaglandins and related
eicosanoids (Vane 1971). Under normal conditions, the COX-1 gene (PTGS-1) is
constitutively expressed whilst expression of PTGS-2, the COX-2 gene, is induced, primarily
at sites of inflammation. Non-steroidal anti-inflammatory drugs (NSAIDs) are used clinically
to suppress pain and inflammation primarily by inhibiting COX enzymes, limiting the
production of pro-inflammatory prostaglandins (Funk 2001). Due to their importance in pain
and inflammation in both disease and normal conditions, the cyclooxygenase pathway has
been a subject of intense study (Funk 2001).
Insects lack most features of adaptive immunity, but possess powerful innate immune
reactions to defend against microbial and metazoan infections. These responses are
controlled by highly conserved signal transduction pathways that play similar functions in
vertebrate immunity (Lemaitre and Hoffmann, 2007; Govind 2008). Eicosanoids also play a
major role in insect inflammation and physiology (Evans 1994). Homogenates from the
frozen reproductive tract of the cricket Acheta domesticus converted exogenous arachidonic
acid into PGE2 (Destephano et al., 1974). COX genes have been found in the genomes of nonmammalian vertebrates, invertebrates (Koljak et al. 2001), plants (Sanz, et al. 1998), bacteria,
and fungi (Gao et al. 2003). Preliminary phylogenetic analysis of identified and putative COX
enzymes revealed that COX-1 and COX-2 enzymes are clustered into separate groups and
fungal, bacterial, and insect COXs appear to be quite distant from vertebrate COXs, and are
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closer to plant COXs (Qi, 2014). COX-2 like genes appear only in vertebrate genomes,
whereas COX-1 gene is more pervasive (Koljak et al. 2001). The branches for bacteria, fungi,
arthropods, and vertebrates are distinct, indicating that gene divergence of COX-1 and COX2 occurred early, before the speciation of arthropods (Koljak et al. 2001).
In D. melanogaster, the genes most similar to COX- 1 and COX-2 (conserved amino
acid sequences and molecular modeling) are Peroxinectin-like (Pxt), Peroxidase (Pxd), and

CG4009 (Qi, 2014). Pxt, Pxd and CG4009 proteins contain the conserved functionally crucial
catalytic residues, i.e., Histidine 207, Tyrosine 385, and Histidine 388 found in mammalian
COX enzymes (Qi, 2014). This conservation suggests their potential to catalyze an identical
or similar reaction in flies, although, to date, there is no evidence that C20-derived
prostaglandins are produced in Drosophila. Other insects such as the honey bee (Apis

mellifera), whose health is critical for pollination, appear to possess orthologs of CG4009 and
Pxd (Brutscheret al., 2015). Numerous genetic and genomic tools in flies can facilitate the
understanding of functions of COX-like enzymes. Results of such studies can often be applied
to protein function in beneficial as well as disease-causing vector insects.
We are especially interested in understanding the immune functions of COX-like
enzymes in flies. Because of deep conservation in cellular and molecular processes, findings
in the Drosophila system will be of relevance not only to other insects but also higher
organisms. In this study, we discovered the expression of CG4009 in the fat body and the
lymph gland. Furthermore, individual knock down of all three enzymes led to changes in
lipid droplet morphology, implicating their functions in lipid homeostasis.
4

Methods
Fly cultures D. melanogaster stocks with the following genotypes were obtained from
Bloomington Stock Center: y w (6598), Lsp2-Gal4 (27451), Cg-Gal4,UAS-GFP (7011), pxn-

Gal4:UAS-GFP(19060) , UAS-PxtRNAi (28934), UAS-PxdRNAi (57507), and UAS-CG4009RNAi
/TM3 Sb Valium 10 (64014) and Valium 20 (43980) stocks were obtained. The hopTum-l,msn-

Gal4/FM7; UAS-mcd8-GFP stock was generated previously in the Govind lab. Flies were
maintained on standard fly medium (cornmeal flour 65g/L, dry brewer’s yeast (Sigma) 35 g/L,
sucrose 140g/L and agar (Sigma) 10g/L) at 25C. Crosses to obtain the UAS and GAL4
transgenes in the same F1 animals (Brand and Perrimon 1993) were performed at 27C.
Control crosses were also reared at 27°C.

Viability assay Virgin Cg>GFP female flies were crossed with CG4009RNAi males (to assess
effects in hemocytes and fat body) or CG4009RNAi/ TM3, Sb males (for viability analysis).
Virgin female hopTum-l,msn-Gal4/FM7;mcd8-GFP flies were crossed with y w (control
outcross), CG4009RNAi, PxtRNAi, or PxdRNAi males. F1 males are expected to carry either hopTuml

, msn-Gal4/Y or FM7/Y, with FM7/Y genotype in equal proportion. However, since the

hopTum-l mutation is hemizygous and dominant, it compromises viability and some males of
this genotype die. The ratio of hopTum-l, msn-Gal4/Y males relative to the FM7/Y males
provides information on the viability of the hopTum-l, msn-Gal4/Y class. How this ratio is
affected by knockdown of one of the three COX-like genes in the lamellocyte population
only is scored relative to the ratio from the y w control cross. F1 males in all crosses were
5

counted and their tumor phenotypes were recorded. Representative males were imaged with
a camera on a LEICA MZFLIII light microscope under the 4x objective to record the
intensity of the tumor phenotype.

Statistical analysis A two tailed t-test was performed to determine statistically-significant
differeneces in viability using an online calculator
(http://www.quantitativeskills.com/sisa/statistics/t-test.htm). (p)< 0.05 was considered
significant.

Lipid droplet staining of larval fat body The fat body of third instar larvae was dissected in
PBS and stained with Nile Red ((Sigma) 1:100 in PBS) and a nuclear dye Hoechst 33258
(Invitrogen) to counterstain nuclei (1:300 in PBS). Tissue was then washed three times in
PBS for ten minutes each and then fixed with 4% paraformaldehyde for 15 minutes at room
temperature. The sample was finally washed twice with PBS for five minutes each. The
stained fat body was then transferred to a clean microscope slide and mounted with
Vectashield (Vector Labs). Samples were visualized and imaged by Zeiss LSM 510 confocal
microscope using a 40x oil immersion lens. Images were then visually analyzed for changes
in lipid droplet morphology.
Aspirin treatment 1 mM aspirin (Sigma) was added to fly food and the mixture was
homogenized. Flies laid eggs on this food, and upon hatching, the larvae consumed aspirin
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mixed with fly food for 2-3 days. Lipid droplet staining was then performed on fat body
dissected from these aspirin-treated larvae.

Generation of RNA probes Template preparation: Clone IP19154 was obtained from
Drosophila Genomics Resource Center. DH5α E. coli cells were inoculated into 3ml Luria
Broth with 2.5µl chloramphenicol (34µl/ml); cells were cultured overnight at 37°C in a
shaking incubator. QIAprep Miniprep kit (Qiagen) was used to purify plasmid DNA from
these cells. Purified uncut plasmid DNA was then digested by restriction enzymes EcoRV
and PstI to generate a linear template for RNA production. Linearized samples were
fractionated on a 1.1% agarose gel. PCR cleanup of digest and gel extraction of linearized
DNA were conducted via QIAquick protocol to isolate and concentrate linearized DNA.
Probe preparation: RNA probes were made using the in vitro transcription DIG-RNA
Labeling Kit (Roche). The UTPs conjugated to Digoxigenin (DIG) were in the resultant RNA
probe. The concentration of the RNA probes were quantified by Nanodrop and fractionated
on a 1.1% agarose gel for confirmation.

In situ hybridization In situ hybridization was performed on tissue of from y w (wildtype)
third instar D. melanogaster larvae and adults. Fat body and lymph glands were dissected in
PBS, fixed in 4% paraformaldehyde, permeabilized in 0.3% Triton-X100 in PBS, and placed
in pre- hybridization buffer for 1 hour at 42°C. Probes were then denatured in an 85°C water
bath and placed on ice. The probes were then diluted 1:1000, added separately to their
7

prospective samples and left to hybridize overnight at 42°C. After hybridization, four washes,
twenty minutes each, were performed to remove any excess probe in hybridization. The
samples were then washed in PAT (0.1% Tween 20 and bovine serum albumin in PBS), and
left in PAT to block for 1 hour. After block, the samples were incubated overnight at 4°C
with anti-digoxigenin-antibody that was conjugated with alkaline phosphatase (anti-DIG-AP
at 1:2,000 dilution, Roche). After this conjugation step, four washes with 0.1% Triton-X100
in PBS, fifteen minutes each, removed the excess antibody, and samples were washed with
NTM 9.5 (0.2ml 5M NaCl, 1ml Tris Buffer 9.5, 0.5 ml 1M MgCl2 and 8.3 ml H20). For
colorimetric visualization, BCIP (5-bromo-4-chloro-3-indolyl-phosphate) and NBT (nitro
blue tetrazolium), which together detect alkaline phosphatase activity, were added to the
samples. After color development, the reaction was stopped with 50% TritonX100 in PBS
and tissues were placed on imaging slides and mounted in a 50% glycerol 50% PBS/TritonX
solution. Samples were then imaged on a Zeiss Axiovision 4.5 microscope.
Multiple sequence alignment To compare the primary sequences of Drosophila COX, Pxt
(NP_650648.3) Pxd (NP_996223.1), CG4009 (AGB96035.1), and mammalian (mouse COX-1
(NP_032995.1) and COX-2 (NP_035328.2)) COX enzymes and identify the key residues
important for biochemical function, a CLUSTAL OMEGA was used to generate an
alignment.
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Results
A multiple sequence alignment of mouse COX-1, mouse COX-2, Pxt, Pxd and CG4009
amino acid sequences showed that all three Drosophila COX-like proteins contain the
conserved functionally critical amino acid residues His207, Tyr385 and His388 found in
mammalian COXs (Figure 1, Qi, 2014). These three amino acid residues make up the catalytic
triad in the COX active site required to catalyze arachidonic acid conversion to
prostaglandins (Qi, 2014).

CG4009 expression in fat body and lymph glands In situ hybridization of control (y w) fat
body revealed moderate CG4009 expression (Figure 2A) relative to negative control for probe
(sense probe; Figure 2B) and a no probe control (Figure 2C). Similar experiments with y w
third instar larval lymph glands revealed high and uniform expression in anterior and posterior
lymph gland lobes, but no expression in pericardial cells or the dorsal vessel (Figure 3).

RNAi mediated gene knockdown supports COX-like function in lipid droplet morphology
Previous studies show that Pxd and Pxt are also expressed in the larval fat body. To
determine their functions in lipid droplet formation in the larval fat body, we performed a
knockdown experiment for each gene using the Collagen driver Cg-Gal4 (with UAS-GFP
incorporated in this stock) which is expressed in third instar larval fat body and hemocytes
(Asha et al., 2002). Fat body cells were stained with Nile red and imaged.
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The lipid droplets of control (Cg>GFP) fat body showed normal round morphology
(Beller et al., 2006) with size varying from 0.5 to 10 µm (Figure 4A), the droplets in the

Cg>GFP; CG4009RNAi fat body were smaller, with an uneven shape (Figure 4B). Knock down
of Pxt and Pxd (Cg>GFP; PxtRNAi and Cg>GFP; PxdRNAi) revealed small clumped lipid droplets
(Figure 4C), or numerous scattered small lipid droplets (Figure 4D).
A similar trend in results was observed in lipid droplet morphology in knockdown
experiments with the Lsp2 driver whose expression begins in the third instar larval fat body
(Brock and Roberts 1980). Normal lipid droplet morphology (Beller et al 2006) was observed
in Lsp2 fat body without the UAS responder transgene (Figure 5A), whereas abnormal lipid
droplet morphology of Lsp2>CG4009RNAi larval fat body possess smaller than normal and
dispersed lipid droplets (Figure 5B). Fat body cells of Lsp2>PxtRNAi have smaller than normal,
“leaky” and elongated, lipid droplets (Figure 5C). Also, Lsp2>PxdRNAi larval fat body have
smaller than normal, clustered, “fuzzy” lipid droplets (Figure 5D). Quantification of Lsp2-

Gal4>UAS-CG4009RNAi lipid droplet diameter shows a significant difference (P=0.0003)
relative to control Lsp2-Gal4 lipid droplets (Figure 5E). The variability in lipid droplet
phenotype of Lsp2>PxtRNAi and Lsp2>PxdRNAi did not allow quantification. Collectively, these
results suggest that CG4009, Pxt and Pxd function in regulating lipid droplet shape or
composition in larval fat body cells.
We next added 1mM aspirin to the fly diet and examined effects on lipid droplet
morphology. In control Lsp2 fat body, 1mM aspirin resulted in somewhat smaller lipid
droplets (compare Figure 6A with Figure 5A; Lsp2 fat body without aspirin). While there
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appeared to be a similar effect of aspirin on the lipid droplets of Lsp2>CG4009RNAi,

Lsp2>PxtRNAi, and Lsp2>PxdRNAi fat body cells (Figure 6B-D), the substantial variation in the
morphology did not allow quantification.

Specific effects of COX-like gene knockdown on viability
The point mutation in hopscotchTum-l animals triggers hyperactivity of the JAK STAT
signaling causing overproliferation of blood cells in all compartments, tumor production and
partial lethality (Luo, et al., 1995). When hopTum-l, msn-Gal4/FM7; mcd8-GFP were crossed
to the CG4009, Pxt or Pxd RNAi lines, only PxdRNAi affected the tumor phenotype and
altered lethality compared to their control counterparts derived from a cross of y w/Y males
with hopTum-l, msn>mcd8-GFP females (Table 1). Although tumors were still present in the

hopTum-l msn>PxdRNAi males, they were not as many within each animal. Also, more hopTum-l
msn>PxdRNAi males eclosed as opposed to the FM7 males, leading to the 100% viability.
An analysis to determine whether CG4009 knockdown compromises viability, we
examined flies eclosing from the Cg>GFP; CG4009RNAi cross (Table 2). We found no
significant effect of CG4009RNAi knockdown on viability when the knockdown was in
hemocytes and fat body only. Cg>GFP; CG4009RNAi males had 88% viability compared to

Cg>GFP; TM3 Sb males and Cg>GFP; CG4009RNAi females had 94% viability compared to
Cg>GFP; TM3 Sb females (Table 2).
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Discussion
Of the three putative COX enzymes, initial studies on Pxt and Pxd have outlined their
expression and functions in Drosophila. Pxt is expressed in all stages of oogenesis (Vazques et
al., 2002; Tootle and Spradling 2008; Graveley et al., 2011) and is required for egg
maturation. Follicles of Pxt mutants show F-actin defects but they mature in vitro when
supplied with prostaglandins (Tootle and Spradling, 2008). Pxt defects are also restored by a
mouse COX-1 transgene expression (Tootle and Spradling 2008). Recently, Pxt has been
shown to affect sperm individualization in the testes (Ben-David 2015).
Pxd is expressed in white prepupae and the pupal fat body (Gelbart and Emmert,
2013), in the third instar larval carcass and in the larval hindgut and trachea (Flyatlas), as
well as the chorion, where it is involved in chorion hardening (Konstandi et al., 2005). In

situ hybridization shows Pxd mRNA specifically expressed in follicle cells during the late
stages of oogenesis 11-14 (Konstandi et al 2005).

CG4009 is the least well-understood of the three putative COX enzymes.
modENCODE tissue expression data show that female flies have high CG4009 expression in
ovaries both pre and post copulation and in the chorion of oocytes (Graveley et al., 2011).
Mass spectroscopy studies have revealed that males have high CG4009 expression in testes
and gametes (Wasbrough et al., 2010). Based on our expression data (Figure 2), we
hypothesized that CG4009 may function in lipid homeostasis and we observed significant
effects of knockdown of CG4009. The lipid droplet is an organelle with a large center of
neutral lipids, mainly triacylglycerides, and a peripheral layer of amphipathic lipids (Li, et al.,
12

2012). Our knockdown results with Pxt and Pxd suggest that these enzymes may also play
similar but independent roles in lipid metabolism or homeostasis. The effects of aspirin on
these knockdown phenotypes were inconclusive, although it did not appear to exacerbate
the knockdown effects. The fat body is the major site of antimicrobial peptide production
(Lemaitre and Hoffmann, 2007) and it is possible that these genes function in antimicrobial
immunity. Further experiments are required to validate the expression of Pxt and Pxd in the
larval fat body and RNAi-mediated reduction.
The lymph gland is one of three hematopoietic compartments in Drosophila larvae
and is also essential in cellular immune response (Sorrentino 2002; Jung et al 2005; Gold and
Bruckner 2014, 2016). We discovered strong and uniform expression of CG4009 in the
anterior and posterior lobes, and no expression in pericardial cells or the dorsal vessel,
suggesting its role in hematopoiesis or immunity. No significant difference was observed in
viability of collagen>CG4009RNAi animals or in the msn>CG4009 hopTum-l animals (Tables 1, 2).
Surprisingly, only Pxd knockdown rescued partial lethality due to hopTum-l mutation
suggesting that Pxd contributes to the inflammatory environment of hopTum-l mutants.
Our studies of the putative fly COX genes provide a starting point for further analyses
of their structures and functions. Additional experiments with mutant alleles and genetic
interaction tests with other fly genes need in the context of cell division, differentiation, and
metabolism are warranted. In addition, biochemical experiments are required to verify their
predicted cyclooxygenase character (Qi 2014). Altogether, these in vivo studies will
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contribute to our understanding of cyclooxygenase functions in mammals and provide
insights into treating acute and chronic inflammation in humans.
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Figures
Figure 1. Multiple sequence alignment of fly Pxt (NP_650648.3), fly Pxd (NP_996223.1), fly
CG4009 (AGB96035.1), mouse COX-1 (NP_032995.1), and mouse COX-2 (NP_035328.2)
sequences showing conserved His 207, Tyr 385, and His 388, (red arrows). Amino acid
numbers refer to the conserved residues in sheep COX (PDB ID 1CQE) (From Qi, 2014).
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Figure 2. CG4009 gene is expressed in the larval fat body. The signal of alkaline phosphatase
enzyme reflects the presence of CG4009 RNA in an in situ hybridization experiment. (A)

CG4009 DIG-labeled antisense probe; (B) Signal with the DIG-labeled sense probe; and (C)
sample that was not treated with any probe, but was processed for anti-DIG antibody
staining and the alkaline phosphatase detection step. Scale bar in all panels is 50 microns.
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Figure 3. CG4009 expression in the larval lymph gland. (A, B) Negative controls: sample not
treated with probe (A), or with sense probe (B). (C) Sample treated with CG4009 (antisense)
probe shows expression in anterior lobes (AL) and posterior lobes (PL1 or PL2) of third instar
larval lymph glands.

B)

A)

C)

AL

AL

AL

PL 1

PL 1

PL 2
*

*

*
PL 1

PL 2

21

Figure 4. COX-like enzymes appear to control lipid droplet morphology in fat body cells. (A)
Normal lipid droplet morphology in Cg>GFP cells. (B) Lipid droplets of Cg>GFP; CG4009
(C) Cg>GFP; Pxt

RNAi

, and (D) Cg>GFP; Pxd

RNAi

RNAi

,

larval fat body cells are smaller than normal,

and have dispersed or appear clumped. (D) Abnormal lipid droplet morphology of Cg>GFP;

Pxd

RNAi

larval fat body shows numerous small, compact lipid droplets. In all panels, cells are

stained with the lipophilic dye, Nile red and counterstained with Hoechst to detect nuclei.
The green signal if from the GFP expressed under the control of the Cg driver. Scale bars =
50 microns.
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Figure 5. COX-like enzymes and lipid droplet morphology. (A) Normal lipid droplet
morphology in fat body cells of Lsp2 animals. (B-D) Lipid droplet morphologies in fat body
cells of Lsp2>CG4009

RNAi

(B, small, dispersed, fragmented); Lsp2>Pxt

elongated); and Lsp2>Pxd

RNAi

RNAi

(C, small and

(D, small, clustered and fuzzy). (E) Quantification of lipid

droplet diameter Lsp2>CG4009RNAi shows a significant difference (P=0.0003) relative to
control. Nile Red is red, Hoechst is blue. Scale bars = 50 microns.

23

Figure 6. Effect of 1 mM aspirin administration on aberrant lipid droplet morphology in
knock-down fat body cells. (A) Control Lsp2 animals fed 1mM ASA with fly food have
dispersed lipid droplets, many of them being small in size. (B-D) Fat body of

Lsp2>CG4009

RNAi

(B), Lsp2>Pxt

RNAi

, and Lsp2>Pxd

RNAi

animals exposed to 1mM ASA. Lipid

droplet morphology is variable and some change with ASA administration is detectable.
Nile Red is red, Hoechst is blue. Scale bars = 50 microns.
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Tables
Table 1. Viability and tumor penetrance of PxtRNAi, PxdRNAi and CG4009RNAi knock down in
animals where the particular gene is knocked down only in the lamellocyte population via
the msn driver. hopTum-l msn animals from an outcross with y w/Y males served as the
reference class. Tumor phenotype was determined by number and size of tumors. Mild =
small tumors, moderate =medium – large tumors, Severe = multiple small and large tumors. .
Two- tailed t-test was performed to estimate if differences were statistically significant.
* = significance (p) < 0.05.
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Table 2. Viability Cg>GFP; CG4009RNAi relative to Cg>GFP; TM3 Sb animals is not
compromised. Two- tailed t-test was performed, no significant difference observed.
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